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Abstract
TGFβ has seemingly contradictory roles in tumor progression: it can promote metastatic invasion
but also act as a tumor suppressor. Recently, two studies have used intravital imaging to unravel
the role of TGFβ at different stages of the metastatic process. TGFβ promotes single cell motility
which enables invasion into blood vessels. However the activation of TGFβ signaling is a transient
event and is not maintained at distant sites. The downregulation of TGFβ signaling at secondary
sites then permits growth of secondary tumors. In the absence of TGFβ, cells are restricted to
collective movement and lymphatic spread. Here, we discuss these findings and their potential
implications.
Introduction
Metastasis research has traditionally relied heavily on end-point assays that measure the
overall efficiency of the process but provide little information about the intermediate steps
(1). This has led to significant gaps in our understanding and much controversy. Many
breast cancer metastases retain epithelial traits but there are also links between the trans-
differentiation of breast cancer cells to mesenchymal cells and increased metastatic ability
(2, 3). These observations have led to the proposal that a transient pulse of signaling from
the tumor microenvironment may enable cancer cells to disseminate, possibly with
mesenchymal characteristics (2). These cells would then revert to a more differentiated state
at secondary sites.
Signaling by Transforming Growth Factor β (TGFβ) could account for transient changes in
cell behavior during metastasis. Treatment of cells in culture with TGFβ1 can promote an
invasive phenotype and the acquisition of mesenchymal characteristics, such as vimentin
expression (4). Furthermore, elevated levels of TGFβ1 correlate with poor prognosis in
breast cancer (5). However, determining whether there are transient changes in cell behavior
during metastasis and whether these changes are linked to TGFβ signaling has proved
difficult. This problem has been tackled by correlating live tumor imaging of TGFβ
signaling with the dynamic behavior of cancer cells. Fluorescently labeled breast cancer
cells (either MTLn3 or 410.4) were grown orthotopically in the mammary fat pad of mice.
When the primary tumors reached ~5mm, the mice were anesthetized and the tumors imaged
using intravital 2-photon microscopy. This method allowed signaling events and motile
behavior of individual cells to be monitored.
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Different modes of motility
Intravital imaging revealed that only a very small proportion of cells are motile within the
primary tumor (between 1-5 %) (6). Cell motility is heterogeneously distributed even within
highly metastatic tumors, suggesting that invasive potential is not due only to intrinsic
factors. The cells that do display cell motility in the primary tumor fall into two categories:
fast moving single cells, or slower moving collective chains (7). Collective motility may be
similar to modes of migration used by healthy cells during development, such as branching
morphogenesis or angiogenesis (8). Collective invasion of chains of tumor cells (Indian file
pattern) has often been observed by pathologists. Singly moving cells escape cell-cell
contacts, and move between other cells and extracellular matrix by changing their shape and
squeezing between obstacles(9). In contrast, collectively moving cells maintain contacts
with neighboring cells and proceed more slowly.
Cell motility in the primary tumor is just the first step of metastasis. To form secondary
tumors, cancer cells must invade either the blood or lymphatic vessels surrounding the
tumor to be carried to other organs. The formation of significant metastases also requires
cancer cells to proliferate at their new locations. Imaging of cancer cells that had already
spread to lymph nodes revealed that these cells were no longer motile. Therefore, the
migratory behavior that enables escape from primary tumors is a transient characteristic of
metastatic cells.
TGFβ promotes single cell motility and entry into the blood
To gain information about TGFβ signalling pathway during intravital imaging two reporter
constructs were used. Firstly an EGFP-Smad2 fusion construct, which accumulates in the
nucleus when TGFβ signaling is active (10), was introduced into breast cancer cells. To
complement this approach, a Smad3-dependent reporter plasmid which expresses ECFP in
response to TGFβ stimulation was also used (CAGA12::CFP) (11). These approaches
enabled the activity of the TGFβ signaling pathway to be determined with cellular resolution
in live tumor models and correlated with cell behavior.
TGFβ signaling was not evenly distributed in the primary tumor, and only a minority of the
cells displayed reporter activation (Figure 1). The fast moving single cells showed high
levels of TGFβ signaling. In contrast, cells moving collectively did not display TGFβ
signaling (7). Thus, it seemed that activation of TGFβ signaling could influence the mode
with which cells moved, ie single vs collective. The data also indicated that TGFβ signaling
is not sufficient to elicit motility as many cells with high TGFβ signaling were non motile.
To investigate TGFβ signaling further, cells unable to respond to TGFβ signaling were
generated by over-expressing a dominant negative TGFβ type II receptor (TGFβRDN).
TGFβRDN expressing cells could only move cohesively and could not intravasate into
blood vessels. Nonetheless, TGFβRDN cells could still spread via the lymphatics and
produce large lymph node metastasis (Figure 1). In contrast, cells with hyper-active TGFβ
signaling disseminated prevalently as single cells and were more able to intravasate into
blood vessels compared to control cells. Thus activation of TGFβ signaling in disseminating
cells determines their motility mode, i.e. single versus collective, and profoundly influences
the route of metastatic spread.
TGFβ target genes linked with single cell motility
In vitro analysis showed MTLn3E breast cancer cells plated at low density grow to form
distinct colonies with cell-cell junctions. Cells within each colony are constantly in motion
changing positions, but they seldom move away as single cells. When TGFβ1 is added, a
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scattering response is observed. Cell-cell junctions are lost, stress fiber formation is
increased and cells migrate as single cells leading to dispersion of the colony (7). The
scattering process occurs relatively slowly (>8 hours) and requires transcriptional up-
regulation of TGFβ-target genes. Depletion of Smad4, a key mediator of TGFβ regulated
transcription, completely abolished the scattering response.
Microarray analysis of genes regulated by TGFβ1 was performed to identify the molecular
players responsible for the switch to single cell motility. Several candidate genes were
identified that are implicated in cell-cell adhesion, cell migration and invasion (see Table 1).
These included Rho-family GTPases and their regulators (12). TGFβ induced the expression
of RhoC, which is implicated tumor progression and metastasis in several malignancies,
including breast cancer (13, 14). Other less well characterized regulators of Rho-family
proteins were also found to be TGFβ-regulated: these include the atypical Rac activator
NEDD9, a Rho-interacting regulator of myosin phosphatase activity M-RIP, and a FERM
domain-containing Rho exchange factor Farp-1. Functional analysis revealed that RhoA,
RhoC, M-RIP, Farp-1 and Nedd9 all contributed to switch to single cell motility. Depletion
of RhoA, RhoC, M-RIP, and Farp-1 reduced the disassembly of cell-cell junctions following
TGFβ treatment and compromised the cortical actomyosin network of singly moving cells.
The contraction of this network is critical for the movement of single cells in vivo (15). In
contrast, Nedd9 was important for the formation of the actin-rich protrusion at the leading
edge of singly moving cells. In addition to regulators of Rho-family proteins several other
TGFβ target genes were shown to play a role in single cell migration. These include EGFR
and c-jun, both of which have been extensively implicated in invasion and metastasis (16,
17).
None of the genes tested completely prevented scattering in response to TGFβ when
depleted in isolation. Thus TGFβ signaling causes a switch to single cells motility thorough
the induction of a multi-genic transcriptional program. Interestingly, several of the TGFβ
target genes identified were also shown to be over-expressed when motile cancer cells are
experimentally collected from the same breast cancer model (18). This further supports the
evidence that TGFβ signaling is up-regulated in motile cancer cells. However, other genes
up-regulated in motile cells are not TGFβ regulated (18). This implies that additional signals
or factors may be needed to make cancer cells disseminate.
Does TGFβ signaling cause a change in differentiation status?
TGFβ signaling has been implicated in promoting the mesenchymal characteristics during
breast cancer invasion. Vimentin expression is a widely used marker of mesenchymal cells.
Intravital imaging revealed a heterogeneous pattern of vimentin promoter::GFP reporter
construct expression. Similar to the CAGA12 reporter, a greater proportion of cells moving
singly were positive for vimentin expression, this probably reflects elevated TGFβ signaling.
However, the increase in vimentin reporter expression was rather modest. Unlike activation
of TGFβ signaling, vimentin expression was also compatible with cohesive movement. Ex
vivo microarray analysis suggested that TGFβ did not drive the expression of a broad range
of mesenchymal markers in MTLn3 breast cancer cells. Together these data are rather
ambiguous, but they are consistent with a minor shift in the differentiation status of
disseminating cells.
Imaging analysis of second model of metastasis provided much clearer insights into the
differentiation status of disseminating cells. Melanoma is a type of cancer that arises from
pigment producing melanocytes (19, 20). Initial attempts at intravital imaging of B16
melanoma cells using multiphoton techniques were hampered by extremely noisy
fluorescence signals. These signals were only observed in melanotic B16 tumours and not
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amelanotic melanoma. Further in vivo and in vitro correlative light and electron microscopy
analysis demonstrated that this ‘noise’ was originating from stage 3 and 4 melanosomes
(21). The ability to image an intrinsic signal emanating from melanosomes enabled
inferences about the differentiation status of cells in the B16 melanoma model to be made.
This revealed that while both primary tumors and metastases contained many cells
producing pigment, the cells in transit lacked pigment. A failure to produce pigment does
not necessarily indicate a change in differentiation status. Therefore another method was
sought to investigate the differentiation status of the motile melanoma cells. Brn-2/POU3F2
expression is high in migratory melanoblasts in culture and decreases as melanocytes
differentiate (22). To investigate the relationship between Brn-2 expression and melanoma
dissemination B16 cells were engineered to contain the Brn-2 promoter driving the
expression of GFP. A clear increase in Brn-2 promoter-driven GFP expression in the motile
and circulating cells was observed. This increase was largely down-regulated in cells
growing in the lungs. Together these data demonstrate the melanoma cells in transit between
primary and secondary sites are less differentiated.
Microarray analysis was used to learn more about the less differentiated melanoma cells ‘in
transit’ between primary and secondary sites. Pigmented and non-pigmented cells were
isolated from the same tumor and their gene expression profiles compared. The poorly
pigmented population, which includes motile cells, had higher expression of TGFβ2. The
expression of TGFβ2 can be induced by TGFβ signaling (7) and suggests that TGFβ
signaling is active in cells with low pigment levels. In vitro studies confirmed that both
TGFβ1 and TGFβ2 inhibited pigmentation and stimulated B16 cell motility.
The phenotypic stability of well-differentiated and poorly-differentiated melanoma cells was
investigated. When either un-pigmented tumor cells or Brn2 promoter ‘high’ cells were
purified and re-injected into mice the resulting tumors contained differentiated cells. This
confirms that less differentiated cells can subsequently differentiate. However, the
conversion from more differentiated to less differentiated cells was very infrequent. Thus
aspects of the differentiation hierarchy remain in a model of melanoma metastasis. It would
be tempting to speculate that the less differentiated cells may have cancer stem cell
properties. However, melanoma cells exhibited the same tumorigenic potential regardless of
their differentiation status. This is consistent with other findings regarding the lack of
distinct stem cell populations in melanoma (23).
These findings could explain why not all breast cancer cells with activated TGFβ signaling
are motile. If only less differentiated cells are able to become motile then cancer
dissemination would result only when TGFβ signals were received by an intrinsically less
differentiated cell. High TGFβ signaling in well differentiated cells would not lead to cell
motility. Alternatively, it might be that TGFβ needs to act in concert with additional
extrinsic cues (Figure 1). Indeed several lines of evidence suggest that the coincidence of
TGFβ and EGF signaling in breast cancer triggers single cell dissemination.
TGFβ from the primary tumor can explain the transient nature of TGFβ
signaling
TGFβ signaling is heterogeneous within primary breast tumors. Although TGFβ signaling is
high in motile cells, TGFβ signaling is not maintained once cells reach secondary sites and
form metastases. One explanation is that the major source of this cytokine and other pro-
motility cues are host cells in the primary tumor. After cells escape the primary tumor, they
are no longer near the source of the signals. This would lead to a decline in TGFβ signaling
and ultimately cells would stop migrating and switch to a proliferative phenotype forming
secondary tumors. This model would also allow for different cells within the primary tumor
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to be exposed to different amounts of TGFβ depending on their particular
microenvironment.
Efficient metastasis requires transient switching of TGFβ signaling
TGFβ signaling clearly provides an advantage at the early stages of hematogenous
metastasis by promoting single cell motility and intravasation into blood vessels. However,
persistent TGFβ signaling appears to be detrimental to the overall metastatic spread to the
lungs (7). Cells with constitutive TGFβ signaling form fewer lung metastases than control
cells despite their increased intravasation capabilities. This result remains even if cells are
injected directly in tail vein, thus avoiding the intravasation step. In contrast, when MLTn3
cells are pulsed with a burst of TGFβ ligand prior to injection they are favored for lung
colonization (24). These data can be explained if prolonged TGFβ signaling plays a tumor
suppressive role, promoting a pro-apoptotic and/or anti-proliferative effect in the cancer
cells. In agreement with this idea, TGFβ reduces the growth of MTLn3E cells in soft agar.
Our results suggest that the highest metastatic efficiency is achieved when TGFβ signaling
in disseminating cells is transient; high as cancer cells escape the primary tumor and
intravasate, but then low as cells reach a secondary site and begin to proliferate. There may
also tissue-specific influences on the role of TGFβ signaling in metastasis. For example,
bone metastasis may actually require continued TGFβ signaling to stimulate osteoclast
activity (25).
Previous literature has suggested that mutations or down-regulation in key components of
the TGFβ signaling pathway would be required for cancer progression to occur, so that anti-
proliferative responses would be selectively lost but pro-motility effects maintained (26).
Mutations in TGFβ signal transducing molecules are frequently observed in tumors of
gastro-intestinal tract but are rare in breast cancer and melanoma (26). The data discussed
here suggest that selective loss of anti-proliferative responses is not necessary because
TGFβ signaling is only switched on transiently and in a minority of cells. Although cancer
cells ‘in transit’ are less proliferative (27), the transient nature of the TGFβ signal enables
proliferation to resume at secondary sites (7). The therapeutic implication of these finding
are complex: direct blockade of TGFβ signaling may hinder further hematogenous spread to
distant sites while at the same time boosting growth of both primary tumor and those
metastatic cells that have already disseminated at the time of patient presentation. Thus a
strategy targeting directly the TGFβ regulated genes responsible for single cell motility/
increased intravasation may be preferred.
Concluding remarks
The use of intravital imaging has provided important insights into the behavior of cancer
cells in transit from primary to secondary locations. We have learnt how different modes of
migration can affect the ability of cancer cells to enter blood or lymphatic vessels.
Collectively moving cells are restricted to lymphatic spread. TGFβ signaling switches cells
to single cell motility and thereby enables entry into the blood. Hematogenous metastasis
also requires that TGFβ signaling is switched off at secondary sites to enable proliferation.
However, there is still much to discover. The source of TGFβ signaling remains unclear.
Also, TGFβ signaling alone can not account for every aspect of metastasis. In future it will
be exciting to uncover how the interplay between TGFβ and other signals determines the
dissemination of cancer cells.
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1. Combinations of signals determine metastatic behavior
Cells receiving no signals in the primary tumor are cohesively packed and non-motile (a).
Receipt of pro-motility cues (b), but not TGFβ, causes cohesive cell movement. Cohesively
moving cells can enter lymphatic vessels (c). The pro-motility cues that triggered cells to
leave theprimary tumor are absent in lymph nodes (d) and the signal decays cells with the
result that are no longer motile (e). Alternatively, cells receive TGFβ signals (f) leading to a
loss of cell-cell cohesion and reduced proliferation, but not motility. Only when pro-motility
cues and TGFβ signals coincide do cells move singly (g), however proliferation remains
low. Singly moving cells are able to enter the blood(h). TGFβ and the pro-motility cues that
triggered cells to leave the primary tumor are absent in the lungs and the signal decays (i).
The loss of anti-proliferative TGFβ signals enables cells to resume growth in the lungs ( j).
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Table 1
TGFβ1-induced candidate genes involved in switch to singlecell motility
Gene name Biological processes/ function/ pathway
RhoC Motility, actin cytoskeleton, adhesion, force generation
NEDD9 Cell shape/plasticity, cell adhesion and actin cytoskeleton
m-RIP (RhoIP3) Regulation of stress fibers formation, force generation
FARP-1 Rho exchange factor
EGFR (ErbB1) Cell migration, adhesion, proliferation
c-jun AP-1 signaling, invasion, tumor progression
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